ABSTRACT
INTRODUCTION

Medicinal plants have long been consumed for their therapeutic effect. Plants of the
Lamiaceae family, such as Melissa officinalis L., Origanum vulgare L. and Lavandula latifolia Medicus are traditionally used in Spain and other European countries for different purposes (spices, medicinal plants). Melissa officinalis, also known as lemon balm, has been used for its sedative, carminative, antispasmodic, neuroprotective and anticancer properties (Barros et al., 2013; López et al., 2009; Saraydin et al., 2012; van Wyk & Wink, 2015) .
Oregano is a widely consumed spice, with antiviral, anti-inflammatory and cancer prevention activities (González, Lanzelotti, & Luis, 2017; van Wyk & Wink, 2015; van Wyk & Wink, 2017; Zhang et al., 2014) . In the case of L. latifolia, commonly known as spike lavender, it is mainly used due to its aromatic properties and its medical properties, such as antispasmodic, sedative, antihypertensive, antiseptic, healing and anti-inflammatory (Herraiz-Peñalver et al., 2013; van Wyk & Wink, 2015) . Most of these health benefits have been attributed to different bioactive compounds and, in particular, to phenolic compounds, which are molecules associated with antioxidant actions among others (Embuscado, 2015; López et al., 2007; Milevskaya, Temerdashev, Butyl'skaya, & Kiseleva, 2017; Shan, Cai, Sun, & Corke, and 200 µg/mL for L. latifolia and O. vulgare extracts. In the case of M. officinalis, a dose of 200 µg/mL was toxic for the worms, so the concentrations tested were 50, 100 and 150 µg/mL. During the in vitro digestion, there is a decrease in the concentration of the plant extract due to a dilution effect that occurs during the digestive process (Gayoso et al., 2016) .
For this reason, samples of the plant extracts after digestion were tested in a concentration equivalent to the amount of extract tested in the plant extract before digestion (100, 200, 400 µg/mL equivalent to 50, 100 and 200 µg/mL of extract from L. latifolia after digestion, respectively; 109, 216 and 435 µg/mL equivalent to 50, 100 and 200 µg/mL of extract from O. vulgare after digestion, respectively; 250 and 500 µg/mL equivalent to 95 and 190 µg/mL of extract from M. officinalis after digestion, respectively). The concentrations for the positive controls were 50 µg/mL for EGCG and 50 and 100 µg/mL for RA.
Intracellular ROS levels
Intracellular ROS accumulation was measured in wild type worms using H 2 DCF-DA (Peixoto, Roxo, Krstin, Wang, & Wink, 2016) . Age-synchronized worms (L1 stage) were treated with various concentrations of samples (plant extracts before and after in vitro digestion), except for the control group. After 48 h, 50 µM of H 2 DCF-DA were added to the plate, which was then incubated for 1 h at 20 °C, protected from light. Afterwards, worms were placed onto a glass slide with a 10 mM sodium azide drop for their paralysis. Images were taken in a fluorescence microscope at a constant exposure time using a 10X objective lens (BIOREVO BZ-9000, Keyence, Deutschland GMBH, Neu-Isenburg, Germany) and analysed with ImageJ 1.50i software (Wayne Rasband, National Institute of Health, USA).
Fluorescence intensity correlated with the ROS level. Results (mean fluorescence intensity) were presented as mean ± SEM of four independent experiments with 30 worms/ experiment.
Survival assay
The survival assay was conducted as described by Peixoto, Roxo, Krstin, Röhrig, et al. (2016) . Synchronized wild type L1 larvae were treated with various concentrations of samples (plant extracts before and after in vitro digestion), except for the control group. After 48 h, approximately 80 worms were picked up and transferred to new plates with S-medium, treated again with the respective sample, except for the control group, and exposed to a lethal dose of juglone (80 µM). Survivors were counted 24 h after the lethal oxidative stress induced by juglone. Worms not responding to touch with a platinum wire were counted as dead. The assay was repeated at least three times and the results were expressed as percentage of survival (mean ± SEM).
2.5.3. Glutathione-S-transferase under juglone-induced oxidative stress CL2166, a transgenic strain expressing green fluorescent protein (GFP), was used to quantify the expression of glutathione-S-transferase (GST-4). Age-synchronized worms (L1 stage) were treated with various concentrations of samples (plant extracts before and after in vitro digestion), except for the control group. Worms were exposed to 20 µM juglone, 24 h before being analyzed by fluorescence microscopy. An additional control group was included without juglone. After 72 h, the worms were placed onto a glass slide with a 10 mM sodium azide drop and the analysis by fluorescence microscopy was carried out (BIOREVO BZ-9000, Keyence, Deutschland GMBH, Neu-Isenburg, Germany). Images were taken at constant exposure time using a 10X objective lens and analysed with ImageJ 1.50i software (Wayne Rasband, National Institute of Health, USA). Results (mean fluorescence intensity) were presented as mean ± SEM of four independent experiments.
2.6.
In vitro antioxidant activity
Lyophilized samples (plant extracts before and after digestion) were dissolved in methanol/water/formic acid (79.9/20/0.1; v/v/v) and total phenolic compounds (TPC), DPPH and ABTS were determined following the procedures described by García-Herreros, García- 
RESULTS AND DISCUSSION
Characterization of extracts
Chemical characterization of M. officinalis, L. latifolia and O. vulgare was performed using the retention time, the UV-visible absorption spectra and the molecular weight of the mass spectra. Table 1 Regarding, L. latifolia analysis, its extract led to the separation of five major compounds.
Compounds 3 and 5 were tentatively identified as glycoside derivatives of coumaric acid, and compound 4 as a glycoside derivative of ferulic acid. These three compounds were previously 
Compound stability after in vitro gastrointestinal digestion
In vitro models have been extensively used to simulate the bioaccessibility of secondary plant metabolites like polyphenols (Alminger et al., 2014) . In our work, the extracts were submitted to an in vitro intestinal digestion process in order to evaluate their stability under gastrointestinal conditions. Table 1 shows the bioaccessibility data (% of each compound), namely, the percentage of a compound that remained stable after the digestion process. 
In vitro antioxidant activity
The potential antioxidant properties of plant extracts are mainly related to the presence of polyphenols and carotenoids, compounds that possess antioxidant activity, mainly due to their role as reducing or chelating agents, hydrogen donors and singlet oxygen quenchers (Embuscado, 2015) . The in vitro antioxidant activity of the M. officinalis, L. latifolia and O.
vulgare extracts was assessed before and after the digestion by different methods (Table 2) . A significant positive correlation was observed between the TPC and DPPH (r = 0.9712, p < 0.0001), ABTS (r = 0.8838, p < 0.0001), and FRAP (r = 0.9176, p < 0.0001), indicating that polyphenols contribute significantly to the antioxidant activity of the extracts. In fact, the chemical structure of identified compounds ( Figure S4 ) was linked with antioxidant activity.
In particular, the radical scavenging capacity of RA, luteolin-7-O-glucoside and 4-(3,4-dihydroxybenzoyloxymethyl)-phenyl-β-D-glycopyranoside) has been previously demonstrated (Goulas et al., 2010 , Liang et al., 2012 Shahidi & Chandrasekara, 2010 
3.4.
In vivo antioxidant activity (C. elegans)
In addition to in vitro assays for antioxidant activity, it is interesting to study this activity at the in vivo level. In this work, intracellular ROS levels, survival assay and GST-4 expression under juglone-induced oxidative stress were assessed in C. elegans to explore the biological activity of the extracts obtained from M. officinalis, L. latifolia and O. vulgare.
Juglone is a superoxide-generating naphthoquinone from walnut (Juglans regia) that has been used in assays for oxidative stress resistance (Possik & Pause, 2015) . and 50 µg/mL, being the most effective 25 µg/mL. In our study, the most effective dose of M.
officinalis was 50 µg/mL, which showed a survival rate similar to one of the samples tested latifolia (55% in crude extract and 61% in digested extract). Melissa officinalis showed a reduction of 55% of the control fluorescence in the extract before digestion at 150 µg/mL and 54% in the extract after digestion at 190 µg/mL. These results point out that the antioxidant capacity of the extract before and after digestion is actually comparable.
Other authors have described a down-regulation of GST-4 after treatment with antioxidant compounds, such as quercetin (Büchter et al., 2015; Kampkötter, Nkwonkam, et al., 2007) or
Ginkgo biloba extract (Kampkötter, Pielarski, et al., 2007) . In this sense, as suggested by Büchter et al. (2015) , the modulation of GST-4 by these compounds could be by a direct reduction of oxidative stress that would reduce the amount of antioxidant enzymes or by an indirect antioxidant effect of the compounds by specific activation of the antioxidant response system of the nematode.
CONCLUSIONS
Melissa officinalis, L. latifolia and O. vulgare are rich sources of bioactive compounds, including phenolic acids and flavonoids as the most abundant ones. All the analysed extracts, before and after digestion, exhibited antioxidant activity in vitro and in vivo. Our findings suggest that the antioxidant activity is not only achieved by scavenging radicals but also by modulation of the expression of the GST-4 antioxidant enzyme. Therefore, lemon balm, lavender and oregano could be a bioaccessible and bioactive source of natural antioxidants for the development of new nutraceutical and functional foods.
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